The Pseudomonas eenrginou) dip2 gene has been cloned and sequenced. Whereas disruption of Escherichie COIi dip2 (dolbD), the hydrophilic C-terminal domain of which has been deduced to be periplasmic and to function as a protein-disulfide reductase, leads to the absence of c-type cytochromes, disruption of P. aenrginou) dip2 attenuated, but did not abolish, holo-c-type cytochrome biosynthesis. Comparison of the P. aenrginosa DipZ sequence with three other DipZ sequences indicated that there are not only two conserved cysteine residues in the C-terminal hydrophilie domain, but also two more in the central highly hydrophobic domain. The latter would be located toward the centre of two of the eight membrane-spanning oc-helices predicted t o compose the hydrophobic central domain of DipZ. Both these cysteine residues, plus other transmembrane helix residues, notably prolines and glycines, are also conserved in a t ( w p of membrane proteins, related t o Bacillus subtilis CcdA, which lack the N-and C-terminal hydrophilic domains of the DipZ proteins. It is proposed that Dip2 of P. eenrginosa and other organisms transfers reducing power from the cytoplasm t o the periplasm through reduction and reoxidation of an intramembrane disulf ide bond, or other mechanism involving these cysteine residues, and that this function can also be performed by B. subtoltr CcdA and other CcdA-like proteins. The failure of dip2 disruption to abolish etype cytochrome synthesis in P. eenrginosa suggests that, in contrast to the situation in E. d i , the absence of DipZ can be compensated for by one or more other proteins, for example a CcdA-like protein acting in tandem with one or more thioredoxin-like proteins.
INTRODUCTION
Many of the proteins that function in the periplasm of Gram-negative bacteria undergo post-translational modifications. Two prominent examples are proteins possessing disulfide bridges and those that are c-type cytochromes as a consequence of the covalent attachment of protohaem IX to the two cysteine residues of a CXXCH motif. Initial molecular genetic investigations The EMBUGenBanloDBJ accession number for the sequence reported in this paper is AF010322.
of these post-translational modifications indicated that the former required two proteins, DsbA and DsbB, which together oxidized pairs of cysteines to cystines (Bardwell et al., 1991 (Bardwell et al., , 1993 Missiakas et al., 1993) , whilst the latter required several gene products, including a transporter of the ABC class (Ramseier et al., 1991 ; Beckman et al., 1992; Page et al., 1997) ; there was no reason to suppose that the two types of posttranslational modification were connected. This picture changed when the dip2 (dsbD) gene was discovered independently in Escherichia coli from screening of mutants which were on the one hand pleiotropically deficient in c-type cytochromes and on the other defective in the handling of disulfide 
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bond formation in the periplasm (Missiakas et al., 1995) . E. coli DipZ is deduced to have six to eight transmembrane helices and a large hydrophilic Cterminal domain which bears a thioredoxin-like CXXC motif Fong et al., 1995; Missiakas et al., 1995) and which has been shown to be periplasmically oriented (Missiakas et al., 1995 ; Metheringham et al., 1996) . Several lines of evidence indicate that E. coli DipZ acts as a disulfide reductase in the periplasm ; these include the restoration of c-type cytochrome biosynthesis in d i p 2 mutants by the polar (and hence presumed to be membrane-impermeant) thiol compound mercaptoethane sulfonic acid and the sensitivity of disulfide bond formation in d i p 2 mutants to the thiol/disulfide redox balance in the medium (Sambongi & Ferguson, 1994 . The discovery of the requirement of d i p 2 for periplasmic c-type cytochrome biogenesis has been followed by the findings that both ds6A and ds6B are also required for the synthesis of this type of electron transfer protein in E. coli (Metheringham et al., 1995 (Metheringham et al., , 1996 ; Sambongi & Ferguson, 1996) . A plausible current model is that the two cysteine residues in the CXXCH motif of a polypeptide destined to become a c-type cytochrome are oxidized to a disulfide bridge before re-reduction linked to the attachment of the haem (Metheringham et al., 1995 ; Sambongi & Ferguson, 1996) . This re-reduction is proposed to involve DipZ, either directly or as a donor of reducing power to a periplasmic thioredoxin-like protein, CcmG (Sambongi & Ferguson, 1994; , which is specifically required for periplasmic c-type cytochrome biogenesis (Beckman & Kranz, 1993; Thony-Meyer et al., 1995) . Whereas the first E. coli mutant found to be pleiotropically deficient in c-type cytochromes was mutated in d i p z , it is very striking that this gene has never been found in screens for c-type cytochrome deficiency in several other organisms including Rhodobacter capsulatus, Paracoccus denitrificans and Bradyrhizobium japonicum. This raises several important questions, amongst which is whether d i p 2 is present in these organisms, and if so whether it is dispensable for c-type cytochrome biogenesis. Alternatively loss of a putative d i p 2 in these organisms might be lethal, thus accounting for the failure of mutant screens to identify it. It has thus become important to identify the d i p 2 gene in a Gramnegative bacterium distinct from E. coli and, if found, determine if it is required for cytochrome c biogenesis. In this paper we meet these objectives for the d i p 2 gene from Pseudomonas aeruginosa. Furthermore, the acquisition of the sequence of the DipZ protein from P. aeruginosa, an organism that is phylogenetically distant from E. coli, has allowed us to identify a number of conserved residues for which a role readily suggests itself.
METHODS
Bacterial strains, plasmids and growth conditions. The following strains and plasmids were used in this study: P . pBR322 (Sutcliffe, 1979) ; pCGN3941 (Best & Knauf, 1993) ; pLitmus38 (New England Biolabs) ; pRVS1 (van Spanning et al., 1991) ; pUC18 (Yanisch-Perron et al., 1985) . P . aeruginosa strains were grown aerobically on M9 minimal medium supplemented with 0.2 g yeast extract 1-1 and 17 mg NaFeEDTA (M9-YEFE) 1-1 or (where stated) Luria broth (LB) or nutrient agar. Cultures were harvested in late exponential phase (OD,,,, 1.0-1.2, equivalent to 0 . 6 4 8 mg dry wt of cells) unless otherwise stated. The ability of the dipZ: : tet mutants to grow anaerobically was assessed in M9-YEFE containing 20mM KNO,. Ethanol utilization was assessed using the medium of Alefounder & Ferguson (1981) with ethanol (0.5 YO, v/v) replacing methanol. Antibiotics were added to the following final concentrations (in pg ml-l) : ampicillin, 100; carbenicillin, 250; spectinomycin, 25 ; tetracycline, 10 (for E. coli) or 125 (for P. aeruginosa).
DNA sequencing and analysis. General DNA manipulations were as described by Sambrook et al. (1989) . The dipZ gene region from pCGN3941 was subcloned in pBluescript I1 SK( + ) as overlapping 0-5 kb ApaI, 1-3 kb EcoRV-PstI and 1.45 kb XhoI fragments and sequenced following subcloning. DNA fragments generated by cutting with ApaI, EcoRI, M u d , PstI, RsaI, SalI and XhoI were cloned in pUC18 or pBluescript I1 SK( + ) and sequenced using Sequenase V2-0 and M13 universal primers or SK and KS primers (Stratagene). Gaps in the sequence thus obtained were bridged using custom primers. The University of Wisconsin Genetics Computer Group software package (release 8.0) with its GCGEMBL and GCGNCBI extensions (Devereux et al., 1984) was used for sequence analysis. Database searches were made using the program BLAST (Altschul et al., 1990) . Membrane-spanning ahelices were assigned for multiple sequences by the statistical method of Persson & Argos (1994) . These assignments were in agreement with assignments for individual sequences made using the statistical/topology analysis of Jones et al. (1994) . In all cases a minimum transmembrane helix length of 21 aa was imposed. The orientation of transmembrane a-helices was assigned for individual sequences using the algorithm of Jones et al. (1994) ; in all cases the result agreed with that obtained by simple assignment of topology using the ' inside positive ' rule of von Heijne (1992) . There were no discrepancies in the predicted topology of the same protein from different species. Signal sequences were assigned by the methods of Nielsen et al. (1997) and von Heijne (1989) . Genomic DNA was isolated from P . aeruginosa strains as described by Goldberg & Ohman (1984) . Southern hybridizations were performed using the dUTP-digoxigenin labelling system (Boehringer Mannheim) as directed by the manufacturers.
Targeted mutagenesis of the P. aeruginosa dipZ gene. The 1.75 kb SalI-BamHI fragment containing most of dipZ plus part of aroQ ( Fig. 1 ) was ligated to pBluescript I1 SK( + ) to create pSB175O. A tetracycline resistance cassette having an EcoRI site at each end was constructed by isolation of the pBR322 tetracycline resistance gene as a PstI-MscI fragment followed by its cloning in pLitmus38 which had been cut with PstI plus EcoRV. The tetracycline resistance cassette was then isolated from this plasmid as a 1-45 kb EcoRI fragment and ligated to pSB1750 which had been cut with EcoRI. Recombinant plasmids were isolated and mapped to determine the 2) containing 50 mM KC1. The electrode chamber contained 2 ml of this buffer at 37 "C. Oxidation rates were measured in the presence and absence of 1 mM TMPD and 10 mM sodium L-ascorbate. Nitrite reductase was determined as described by Timkovich et af. (1982) . Cytochrome c peroxidase (CCP) was determined essentially as described by Foote et a f . (1985) , except that the buffer used was 10 mM potassium phosphate (pH 7.2) and horse heart cytochrome c (45 pM) was used in place of P. aeruginosa cytochrome c551. Cells were grown aerobically with glucose to late exponential phase (OD,,, 1.2-1-3) under conditions of reduced aeration (500 ml cultures in 2 1 conical flasks shaken at 140 r.p.m.) to induce CCP.
RESULTS AND DISCUSSION
Identification and sequencing of the P. aeruginosa dip2 gene A region of P. aeruginosa DNA which potentially encoded the C-terminal80 aa of a DipZ homologue was identified while searching a translated DNA sequence database with the E. coli DipZ sequence. This region was located from 610 to 860 bp upstream of the P . aeruginosa P A 0 1 accB gene (Best & Knauf, 1993) (Fig.  1) . The 2405 bp region of P. aeruginosa P A 0 1 genomic DNA immediately upstream of accB was accordingly completely sequenced and found to contain an ORF of 1746 nt, the predicted protein product (582 aa) of which was highly similar to E. coli DipZ over much of its length. A putative ribosome-binding site (-ACGAG-) was located 6 bp upstream of the dipZ start codon. A second ORF of 441 nt, sequenced but not reported by Best & Knauf (1993) , was identified in the dipZ-accB intergenic region. The predicted protein product of this ORF exhibited striking homology to the catabolic dehydroquinase AroQ of Actinobacillus pleuropneumoniae (Lalonde et al., 1994) and it was named accordingly. Both dipZ and aroQ exhibited a codon usage typical for genes in P. aeruginosa (West & Iglewski, 1988) . The 86 bp dipZ-aroQ intergenic region contained an inverted repeat followed by an A + T rich region ; this resembles factor-independent terminators in E. coli (Brendel & Trifonov, 1984) .
The 1.75 k b SalI-BamHI fragment encompassing the central and 3' regions of d i p 2 plus the 5' part of aroQ (see Fig. 1 ) was used to direct the specific integration of the pBR322 tetracycline resistance gene into the homologous region of the P . aeruginosa PAOl genome. The mobilizable suicide vector employed was pRVS1, which carries the bla gene (van Spanning et al., 1991). Two mutants were constructed, one in which a tetracycline resistance cassette was introduced into the EcoRI site in the d i p 2 3' region (DPAlOl), and a second in which it was introduced into the MscI site in the dipZ central region (DPA102) (see Fig. 1 ). Tetracycline-resistant exconjugants were screened for carbenicillin resistance. The required tetracycline-resistant carbenicillin-sensitive phenotype, indicating integration of the tetracycline resistance cassette and elimination of pRVS1 via a double crossover event, was exhibited by 85.7% (257/ 300) of ex-conjugants (for DPA101) and by 63.3% (190/300) of ex-conjugants (for DPA102). Integration of the pBR322 tetracycline resistance gene at the correct positions in the P . aeruginosa genome was confirmed by Southern blotting. When genomic DNAs from P A 0 1 and DPAlOl were digested with either SalI or XhoI and analysed by hybridization with the 492 bp EcoRI-Mud fragment from dipZ ( Fig. 1 ) , albeit extended at their C termini by segments of 99 and 46 aa, respectively, derived from the tetracycline resistance cassette. These additional segments have no similarity to the regions of DipZ that they replace. In both cases the C-terminal thioredoxin-like domain of DipZ would be absent, whilst in DPA102 a transmembrane helix containing a cysteine residue (see later) would also be absent.
Phenotypic properties of the P. aeruginosa dipz: : tet mutants
Both DPAlOl and DPA102 grew aerobically with ethanol as sole carbon and energy source, and anaerobically with glucose as carbon and energy source and nitrate as terminal electron acceptor, at similar rates and to similar final cell densities as the parental strain PAO1. This was unexpected since both these growth modes are heavily dependent on c-type cytochromes (Schrover et al., 1993; Yamanaka et al., 1963) , which are absent in an E . coli dip2 mutant . Both DPAlOl and DPA102 also scored positive for dimethylphenylenediamine oxidation (the Nadi reaction ; Willison & John, 1979) . Consistent with this observation, DPAlOl and DPA102 oxidized TMPD at similar rates to PA01 (Table 1) . However, when inoculated into media containing nitrate and incubated anaerobically, DPAlOl and DPA102 exhibited an extended lag phase compared to PAO1, suggesting some reduction in the capacity of the cells to denitrify.
Disruption of the P. aeruginosa dipZ gene results in a partial pleiotropic deficiency in c-type cytochromes
Spectroscopic analysis of total soluble and membrane fractions from DPAlOl and DPA102 grown aerobically with glucose indicated that both mutants synthesized ctype cytochromes but that these were present at an attenuated level (approximately 50 % , as judged from the A,,,) compared to that in PAOl (Fig. 2a, b) . In contrast, cytoplasmic membranes from DPAlOl and DPA102 contained 6-type cytochromes at levels similar to those in PAO1, as judged from A,,, (Fig. 2b) . (Reichmann & Gorisch, 1993) . SDS-PAGE and haem staining analysis of total soluble fractions prepared from PAO1, DPAlOl and DPA102 grown under these conditions indicated that both mutant strains synthesized cytochromes cd,, c551, CCP and ~5 5 0 , and that all three were present at slightly attenuated levels compared to those observed in PAOl (data not shown). Measurements of the nitrite reductase and CCP activities of total soluble fractions prepared from PAO1, DPAlOl and DPA102 showed that in both of the mutants nitrite reductase and CCP activities were present at approximately one-third of the levels found in PAOl (Table 1) .
Aerobically grown P. aeruginosa synthesizes four major and one minor membrane-bound c-type cytochromes the homologous regions of E. coli dipZ (ecdipz), the predicted product of H. influenzae ORF HI0885 (hidipz), a > 577 aaencoding ORF identified in preliminary sequence data from the ongoing N. gonorrhoeae genome project (ngdipz), the predicted products of M. tuberculosis ORF MTCY274.05 (mtdipz) and ORF ~110686 of Synechocystis sp. strain PCC6803 (sy0686), MER4 of Stm. lividans (slccda) and the predicted product of M. tuberculosis ORF MTCY274.08~ (mtccda), and with (entire sequences shown) B. subtilis CcdA (bsccda), the predicted product of H. influenzae HI1454 (hiccda), the M. leprae hypothetical protein B2168-C1-192 (mlccda) and the predicted products of Stc. pyogenes ORF238 (spccda), ORF ~110621 of Synechocystis sp. strain PCC6803 (~~0 6 2 1 )~ ORF240 of the Por. purpurea chloroplast genome (ppccda) and ORF4 of the Sta. aureus plasmid p1258 (saccda). Conserved amino acids are in black boxes. Predicted membrane-spanning uhelices in P. aeruginosa DipZ and the other sequences shown are indicated by overlining. +, additional residues are present at the N and/or C termini of the protein sequences shown. MTCY274.05 resembles P. aeruginosa DipZ in terms of domain organization but exhibits little sequence similarity in either the N-or C-terminal hydrophilic domains. (Matsushita et al., 1982) . SDS-PAGE and haem staining analysis of total soluble and membrane fractions prepared from aerobically grown DPAlOl and DPA102 indicated that the two mutant strains also synthesized all these c-type cytochromes and that all were present at lower levels compared to those observed in PAO1, in agreement with the results of the spectroscopic analyses described above (data not shown).
Comparison of P. aeruginosa DipZ with E. coli DipZ and homologues of DipZ in Haemophilus influenzae and Neisseria gonorrhoeae
The P . aeruginosa dipZ gene is predicted to encode a protein of 582 aa which is homologous to DipZ of E. coli (40% identical, 64% similar) over most of its length; both are very similar to the predicted products of ORF HI0885 in H. influenzae (Fleischmann et al., 1995) and a >557 aa ORF identified in sequence data from the ongoing N. gonorrhoeae genome sequencing project (Roe et al., 1997a). P . aeruginosa DipZ, like that of E. coli Missiakas et al., 1995) , exhibits a well-defined domain structure. Hydropathy plots indicated the presence of a hydrophilic N-terminal domain of about 150 aa, a central highly hydrophobic domain of about 270aa, comprising a number of potential membrane-spanning a-helices (see below), and a large C-terminal hydrophilic domain of about 140 aa. The P . aeruginosa DipZ is longer than E. coli DipZ by about 85 aa, the additional residues being present at the N terminus (Fig. 3) . The N-terminal region of this extension is predicted to be a cleavable signal peptide, suggesting that the N-terminal hydrophilic domain of P . aeruginosa DipZ may also be periplasmically oriented. These features are also exhibited by H . influenxae DipZ (Fig. 3) .
The C-terminal hydrophilic domain contains a CXXC motif (LD-X-YADWC-XX-CK), resembling that in thioredoxins and protein-disulfide isomerases ; this was previously identified in E . coli DipZ Missiakas et al., 1995; Fong et al., 1995) and shown to be redox active (Missiakas et al., 1995) . The N-terminal hydrophilic domain of P . aeruginosa DipZ also contains two cysteine residues; comparison of the four available DipZ sequences reveals that these occur in a conserved motif, TYQGC-X-(D/E)-(X)o,lG-X-CYPP. Whether or not these cysteine residues are redox active is currently unknown. However, we note that this sequence bears some similarity to the active site consensus sequence of the flavoprotein-disulfide oxidoreductases [GG( T/V) C(V/L)N (V/I)GC(V/T)P-X-K ; Aboagye-Kwarteng et al., 19921. The possibility that DipZ might have two periplasmic redox-active domains is interesting; it could be an adaptation to allow DipZ to reduce a number of periplasmic target proteins (thought to include DsbC, CcmG and possibly apo-c-type cytochromes (Sambongi & Ferguson, 1994; Reitsch et al., 1996) while maintaining the specificity of interaction between components required for the simultaneous operation of both thiol-disulfide oxidizing and reducing pathways in the same cellular compartment.
Two further cysteine residues, Cys18' and Cys309, are present in the P. aeruginosa DipZ. Both are located in the central highly hydrophobic domain of the protein and both are completely conserved in DipZ from these other organisms (Fig. 3) .
Identification of further P. aeruginosa DipZ homologues
Further searches of translated DNA sequence databases with the P. aeruginosa DipZ sequence revealed similarities between it and the predicted products of 11 other genes. These were Bacillus subtilis ccdA (GenBank accession no. X87845), HI1454 of H. influenzae (Fleischmann et al., 1995), ORF4 of the mercurial resistance operon from Staphylococcus aureus plasmid pI258 (Laddaga et al., 1987) , mer4 of Streptomyces liuidans (Sedlmeier & Altenbuchner, 1992) , ORFs ~110621 and ~110686 in Synechocystis sp. strain PCC6803 (Kaneko et al., 1995 (Kaneko et al., ,1996 , ORFs MTCY274.05 and MTCY274.08~ in Mycobacterium tuberculosis (Philipp et al., 1996) , B2168-C1-192 of Mycobacterium leprae (GenBank accession no. U00018), ORF240 of the Porphyra purpurea chloroplast genome (Reith & Munholland, 1995) and a 238 aa-encoding ORF identified in preliminary sequence data from the ongoing Streptococcus pyogenes genome sequencing project (Roe et al., 1997b) (Fig. 4) . All of these exhibited homology to the central highly hydrophobic domain of DipZ from P . aeruginosa. All are thus predicted to be cytoplasmic membrane proteins, except for the Por. purpurea ORF240 gene product which is presumably located in the thylakoid membrane (relatively few chloroplast inner membrane proteins are encoded by chloroplast genomes) .
The most striking feature of the 15-sequence alignment shown in Fig. 4 is the complete conservation of the two cysteine residues corresponding to those previously identified in the central highly hydrophobic domain of P . aeruginosa and other DipZ proteins (see above). The more N-terminal of these two cysteine residues (corresponding to Cysl" in P . aeruginosa DipZ) is always associated with one completely conserved proline residue, one completely conserved glycine residue and one almost completely conserved (present in 14 of the 15 sequences shown) additional proline residue, in the motif G-(X),-PC-(X),-P. In 9 of the 15 sequences a third proline residue is present, making the motif G-(X),-PC-(X),-P-(X),-P (Fig. 4) . The more C-terminal of the two (corresponding to Cys309 in P. aeruginosa DipZ) is also associated with a completely conserved glycine residue and two conserved proline residues in either the motif G-(X),-PC-XX-P or the motif G-(X),-PC-XXX-P (Fig.  4) . A third completely conserved glycine residue is also found at positions corresponding to G340 in P . aeruginosa DipZ and other conserved glycine and proline residues are found at positions corresponding to G228, G2'l, G2", G330, P344 and G3" in the P. aeruginosa DipZ sequence. This striking sequence conservation suggests a functional importance for the central highly hydrophobic domains of the P. aeruginosa DipZ and other DipZ proteins beyond merely anchoring the C-terminal thioredoxin-like domain to the cytoplasmic membrane. This idea is supported by a preliminary report that the ccdA gene, the product of which is predicted to have neither N-nor C-terminal hydrophilic domains, is required for c-type cytochrome biogenesis in B. subtilis (Schiott et a[., 1995) .
Identification of ORFs encoding thioredoxin-like proteins immediately adjacent to several ccdA-like genes
Another feature of the ccdA-like genes is that ORFs encoding thioredoxin-like proteins are located either immediately upstream or immediately downstream of a number of them. These are HI1453 in H . influenzae (Fleischmann et al., 1995) , MTCY274.09~ in M. tuberculosis (Philipp et al., 1996) , mer3 in Strn. lividans (Sedlmeier & Altenbuchner, 1992) , the corresponding ORF3 in the Sta. aureus plasmid pI258 (Laddaga et al., 1987) , ~110685 in Synechocystis sp. strain PCC6803 (Kaneko et al., 1995) and a 207aa-encoding ORF immediately downstream of ORF238 in Stc. pyogenes (Roe et al., 1997b) . Of these six hypothetical proteins, five show homology to E. coli thioredoxin in the active site region, while MER3 is predicted to have a similar tertiary structure to thioredoxin in this region despite the lack of sequence similarity (Ellis et al., 1992) (Fig. 5 ) . Sequence analysis suggests that Stm. lividans MER3 is probably a lipoprotein (Sedlmeier & Altenbuchner, 1992) and thus is probably anchored at the outer face of the cytoplasmic membrane in these organisms ; our analysis suggests that this is also the case for the products of Sta. aureus ORF3 and Stc. pyogenes ORF207, while the thioredoxin-like proteins identified in H. influenzae and Synechocystis sp. strain PCC6803 are predicted to have cleavable N-terminal signal sequences and thus to be periplasmic. In some cases the ccdA-like genes and ORFs encoding thioredoxin-like proteins are closely linked; the stop codons of Strn. lividans mer3 and the corresponding Sta. aureus ORF3 overlap with the start codons of mer4 and ORF4, respectively, while the H . influenzae ORFs HI1454 and HI1453 are separated by only 4 bp.
What is the significance of these associations? Our observations establish clearly that dip2 is not an essential gene in P . aeruginosa. Its dispensability for ctype cytochrome biogenesis, in contrast to the situation in E. coli, may explain why this gene has not been found in screens for mutants unable to assemble c-type cytochromes in other bacteria. What might be the basis for the difference between E. coli and P . aeruginosa in respect of a requirement for dip2 in cytochrome c Pseudomonas aeruginosa dipZ gene biogenesis? It has recently been reported that thioredoxin and thioredoxin reductase, which in most bacteria are expressed as separate polypeptides, are expressed as a single hybrid polypeptide in M. leprae (Wieles et al., 1995a) . This is thought to be an adaptation to keep NADPH-thioredoxin oxidoreductase rates high at low protein concentrations (Wieles et al., 1995b) . This observation suggests that DipZ and a CcdA-like membrane protein associated with its cognate thioredoxinlike protein (either soluble or membrane-anchored) might well perform very similar functions in vivo. In both cases, two protein domains would be present, a membrane-integral domain corresponding to the central highly hydrophobic region of P. aeruginosa DipZ, and a periplasmically oriented thioredoxin-like hydrophilic domain. We therefore propose that the absence of functional DipZ in P. aeruginosa can be compensated by the activity of a system comprising a CcdA-like membrane protein and its cognate thioredoxin-like protein.
This model requires that P. aeruginosa possesses both the dip2 gene identified here and a ccdA-like gene; this has been shown to be the case in H . influenzae (Fleischmann et al., 1995) . The more severe effects of dip2 disruption in E . coli would correlate with the absence of a ccdA-like gene from its genome (GenBank accession no. U00096) and thus of any potential for compensation for the loss of DipZ by the activity of a CcdA-like protein.
The recent demonstration that DsbA and DsbB are required for c-type cytochrome biogenesis in E . coli (Metheringham et al., 1995 (Metheringham et al., , 1996 Sambongi & Ferguson, 1996) , despite the fact that they have never been so implicated by screening for c-type cytochrome-deficient mutants of other bacteria, may be explicable on a similar basis.
Structure predictions based on deduced amino acid sequences of P. aeruginosa DipZ and homologous gene products
The central highly hydrophobic domain of P. aeruginosa DipZ is predicted to comprise eight membrane-spanning a-helices; the same result was obtained when the set of four aligned DipZ sequences was analysed. Analysis of the topology of the predicted transmembrane helices suggests that the C-terminal hydrophilic domain of P. aeruginosa DipZ is periplasmically oriented, consistent with results in E. coli (Sambongi & Ferguson, 1994; Missiakas et al., 1995; Metheringham et al., 1996) . The N-terminal hydrophilic domain of P. aeruginosa DipZ is also predicted to be periplasmic, consistent with the prediction of an even number of membrane-spanning helices and of a cleavable N-terminal signal sequence for DipZ.
The other 11 homologous gene products (Fig. 5) were predicted to possess 6, 7 or 8 membrane-spanning ahelices. In all cases the 240 aa region of homology with P. aeruginosa DipZ was found to comprise six predicted membrane-spanning helices which correspond to the first six predicted transmembrane helices in DipZ (Fig.  5) . The two conserved cysteine residues present in this homologous domain are located in two of the predicted membrane-spanning helices (Fig. 5 ) ; the central positions of Cysl" and CysSoB in these two helices suggests that they may be close enough in P. aeruginosa DipZ and others to form a disulfide bridge. Furthermore, the positions of the two conserved cysteine residues, in the first and fourth of the conserved transmembrane helices (Fig. 5) , suggest that they could face each other from opposite sides of a channel formed by the six conserved transmembrane helices. The effect of the presence of the conserved proline and glycine residues on the membrane-spanning helices may be to bring the two cysteine side chains closer together (Woolfson & Williams, 1990; Li & Deber, 1992) . Alternatively, they might kink the helices so as to form a cavity which might accommodate a prosthetic group or groups; in this case the role of one or both of the conserved cysteines might be to form covalent bonds to, or act as ligands for, such a group or groups.
In the light of recent evidence that DipZ may transfer reductant from cytoplasmic thioredoxin to periplasmic DsbC (Reitsch et al., 1996) , a functional role for the central cysteine residues immediately suggests itself. A working hypothesis based on our sequence data and analyses is that the two conserved cysteines in the highly hydrophobic central domain of DipZ form a disulfide bridge which can be reduced by cytoplasmic thioredoxin and which can be reoxidized by interaction with the thioredoxin-like active site in the periplasmic C-terminal domain of the protein. The disulfide bridge in the membrane-integral domain would then be re-reduced by thioredoxin, establishing a cycle whereby reducing power would be transferred from the cytoplasm to the periplasm. A similar scheme is proposed for the CcdA proteins in combination with periplasmic thioredoxinlike proteins. The putative CcdA from Porpbyra may direct the transfer of reducing power across the thylakoid membrane as part of the biosynthetic pathway for cytochrome f. As an alternative to disulfide bond formation, the conserved cysteine residues in the DipZ central domain might bind a redox-active prosthetic group or groups involved in reductant transfer.
Reductants for DipZ other than thioredoxin might also be utilized, but such a role for glutathione in E . coli would seem to be excluded by the formation of c-type cytochromes in mutants which cannot synthesize this compound (Sambongi & Ferguson, 1994) . The precedent of electron transport-linked heterodisulfide reduction in methanogenic bacteria (Nicholls & Ferguson, 1992) suggests a plausible alternative mechanism for reduction of a disulfide bridge within a protein. Simon, 1992) , cysteine residues that are predicted to be located some way into the bilayer. Furthermore, such cysteine residues are shielded from the action of the DsbA/DsbB system and thus a redox cycling activity independent of this system is plausible.
During revision of this paper, a publication (Schiott et al., 1997), giving full details of the B. subtilis ccdA gene together with analysis of its sequence and similarity to dipZ, appeared. These authors recognized some of the features of the putative DipZ and CcdA proteins discussed here, but our paper analyses additional aspects.
